Background: PF-06650833 is a potent, selective inhibitor of interleukin-1 receptor-associated kinase 4 (IRAK4). Two randomized, double-blind, sponsor-open phase 1 studies evaluated the safety, pharmacokinetics, and pharmacodynamics of single (SAD) and multiple ascending doses (MAD) of PF-06650833 immediate-release (IR) and modified-release (MR) oral formulations in healthy adult subjects.
Background
Autoimmune diseases such as rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) represent a continuing burden worldwide [1, 2] . In the Global Burden of Disease 2010 study, RA was ranked as the 42nd highest contributor to global disability, and other musculoskeletal disorders, including SLE, were ranked among the top 10 contributors [1, 2] . While the current estimated global prevalence is 0.24% for RA [1] , and up to 0.24% for SLE [3, 4] , it is expected that the number of people affected by these diseases will rise with aging populations and declining mortality rates [1, 2] .
The primary goal of treating-to-target in autoimmune diseases is to achieve clinical remission or sustained low disease activity when remission cannot be achieved (such as in patients with long disease duration) [5, 6] . However, remission is often an unrealized target in clinical practice for patients with RA and SLE, with remission rates as low as 6.5-8.6% and 1.7% reported, respectively [3, 7, 8] . In addition, despite treatment, patients with RA and SLE often experience residual pain, fatigue, and impaired physical functioning [9] . Clearly, there remains an unmet medical need for therapies that advance the goal of achieving remission in all patients.
Interleukin (IL)-1 receptor-associated kinase 4 (IRAK4) is an essential signal transducer downstream of the IL-1 family receptors (IL-1R, IL-18R, and IL-33R) and the Tolllike receptors (TLRs) [10, 11] . TLRs detect bacterial and viral pathogens and may be activated by immune complexes, such as anti-citrullinated protein/peptide autoantibodies in RA [12, 13] and nucleic acid immune complexes in SLE [14, 15] .
PF-06650833 is a selective, highly potent, small molecule, reversible inhibitor of IRAK4 [16] . Prior in vitro and in vivo studies have reported the inhibition of TLRinduced inflammation by small molecular inhibitors of IRAK4, including PF-06650833 [16] [17] [18] . Inhibition of IRAK4 blocks the production of inflammatory cytokines in human monocytes, including type I interferons, IL-1, IL-6, IL-12, and tumor necrosis factor, which are key drivers of autoimmune and inflammatory diseases in response to immune complex activation [17, 19, 20] . Therefore, IRAK4 is an attractive therapeutic target for diseases associated with dysregulated inflammation, such as RA, SLE, spondyloarthritis, and psoriatic arthritis.
Here, we report results from two phase 1 clinical studies in healthy subjects that evaluated the safety, tolerability, pharmacokinetics (PK), and pharmacodynamics (PD) of single (SAD) and multiple ascending doses (MAD) of PF-06650833 administered orally as immediate-release (IR) and modified-release (MR) formulations. These studies also provide preliminary evaluations of the effects of food on exposure. To our knowledge, PF-06650833 is the first IRAK4 inhibitor to enter clinical development and report safety, tolerability, PK, and PD results, which support continued exploration of IRAK4 inhibition in the treatment of rheumatic and other autoimmune diseases.
Methods

Study objectives
The primary objective of study 1 was to determine the safety and tolerability of SAD of orally administered IR and MR formulations of PF-06650833 in healthy adult subjects. Secondary objectives were to evaluate the plasma PK profiles of these formulations and to provide a preliminary assessment of the effect of food on the plasma PK profile of PF-06650833 (after fasting or a high-fat meal).
The primary objective of study 2 was to determine the safety and tolerability of MAD of orally administered IR and MR formulations of PF-06650833 after a standard meal in healthy adult subjects. The secondary objective was to evaluate the plasma and urine PK profiles of PF-06650833 after repeat dosing. Exploratory objectives were to assess the effects of PF-06650833 on exploratory biomarkers of PD activity, including high-sensitivity C-reactive protein (hsCRP), and to evaluate cholesterol/ hydroxycholesterol ratios as an endogenous marker for cytochrome P450 3A (CYP3A) induction or inhibition [21] .
Study design and treatment
Study 1: SAD Study 1 (B7921001; NCT02224651) was a 96-day, phase 1, within-cohort, randomized, double-blind, sponsor-open, placebo-substitution, five-period crossover, SAD study in healthy adult subjects (Fig. 1a ). Subjects were sequentially enrolled into four cohorts of ten subjects each. Within each cohort, the subjects were randomized into a maximum of five periods. Within each period, eight subjects and two subjects were randomized to receive PF-06650833 and placebo, respectively. In this placebo-substitution design, all subjects within a cohort received one or more doses of PF-06650833 and/or placebo. Single oral doses of PF-06650833 IR formulations from 1 to 6000 mg, and MR formulations from 30 to 300 mg, were administered in fasted (overnight fast of ≥ 10 h) and/or fed (high-fat breakfast meal) states. Doses were escalated sequentially by period within each cohort (see Fig. 1a for final dosing scheme), based upon the evaluation of ≥ 48 h of safety and tolerability for all subjects and ≥ 8 h of PK data for at least six subjects receiving PF-06650833 and one subject receiving placebo. Dose escalation was to cease when either the limits of safety and/or tolerability were reached, the projected exposure at the subsequent dose exceeded the toxicokinetic limit (TK) established based on the no observable adverse effect level (NOAEL) in relevant animal studies, or a plateau in exposure was reached.
The effects of food on the plasma PK profile of the IR and MR formulations were explored in cohorts 1 and 3, respectively, by administering 30 mg doses of PF-06650833 in a fasted state and after a high-fat meal. A 1000-mg dose of the IR formulation was also tested in cohort 3 in an attempt to identify a maximum tolerated dose (MTD).
Fig. 1
Design and PF-06650833 final dosing scheme in a study 1 (SAD) and b study 2 (MAD). a PK and PD sampling time was up to 96 h for cohorts 1 and 2. Subjects in cohorts 3 and 4 were followed up to day 21 of the final period to better characterize the terminal phase, given the potentially long elimination half-life based on emerging data. b Dose administered after consumption of a high-fat breakfast meal. c Alternate IR formulation. d Cohort 3 consisted of only four periods, and cohort 4 consisted of only two periods that were separated by 14 days, in order to maintain the overall predicted exposure in an individual subject to ≤ 28 days. In study 1, within each period, 8 subjects were randomized to receive PF-06650833 and 2 subjects were randomized to receive placebo. All subjects within a cohort received one or more doses of PF-06650833 and/or placebo. Doses were escalated sequentially within each period, based on evaluation of ≥ 48 h of safety and tolerability for all subjects and ≥ 8 h of PK data for at least 6 subjects receiving PF-06650833 and 1 subject receiving placebo. All doses were administered orally under fasting conditions (overnight fast of ≥ 10 h) unless otherwise indicated. In study 2, within each cohort, eight subjects were planned to receive PF-06650833 and 2 subjects were planned to receive placebo. All doses were administered orally under standard (not high-fat) meal, fed conditions. QD doses were 24 h apart, BID doses were 12 h apart, TID doses were 8 h apart, and QID doses were 6 h apart. When dosing in the fed condition, the morning and evening doses were administered within 5 min of completing the standard meal. BID twice daily; IR immediate-release: MAD multiple ascending doses; MR modified-release; PK pharmacokinetics; QD once daily; QID four times per day; SAD single ascending doses; TID three times per day Since TK limits were not reached with the IR formulation at doses up to 1000 mg, the IR doses were escalated to 2000 and 6000 mg with a high-fat meal in cohort 4 ( Fig. 1a ).
Study 2: MAD
Study 2 (B7921002; NCT02485769) was a 14-day, phase 1, randomized, double-blind, sponsor-open, placebo-controlled, sequential group, MAD study in healthy adult subjects ( Fig. 1b) .
Subjects were enrolled sequentially into seven cohorts. Within each cohort, eight subjects and two subjects were randomized to receive PF-06650833 and placebo, respectively. Doses for all cohorts were administered after a standard (not high-fat) meal. Multiple dosing regimens (once daily [QD] 24 h apart, twice daily [BID] 12 h apart, three times per day [TID] 8 h apart, and four times per day [QID] 6 h apart) were used to provide required total daily doses. In the final dosing scheme, multiple oral doses of PF-06650833 IR suspension formulations at 25, 100, 250, and 750 mg BID and 1000 mg QID were administered in cohorts 1-5. PF-06650833 IR 330 mg TID (cohort 6) and an MR tablet at a dose of 300 mg QD (cohort 7) were also evaluated (see Fig. 1b for final dosing scheme).
Dose escalation (cohorts 1-5) or dose selection (cohorts 6-8) was based upon the evaluation of ≥ 7 days of safety and tolerability for all subjects and ≥ 12 h of PK data for at least six subjects receiving PF-06650833. To establish an MTD, dose escalation was to cease when the limit of tolerability was achieved.
Randomization
In both studies, subjects were assigned to dose groups according to a pre-defined randomization schedule (see Additional file 1: Supplemental Methods). In both studies, study sponsor treatment administrators were blinded to the treatment allocation, and additional study sponsor personnel (for example, analytical staff, medical monitors, clinicians, statisticians, and pharmacokineticists) were unblinded to subject treatment allocation to permit real-time interpretation of the safety and PK data and to provide information necessary for dose escalation decisions.
Subjects
In both studies, healthy male and female (of nonchildbearing potential) subjects aged 18-55 years were eligible to participate. Subjects were to abstain from all medications (prescription, non-prescription, and/or dietary supplements) within 7 days or five half-lives (whichever was longer) prior to the first dose of PF-06650833 or placebo, except medications for the treatment of adverse events (AEs). Where possible, treatments for AEs were to avoid the use of moderate/strong inhibitors or inducers of CYP3A4. Herbal supplements and hormone replacement therapies must have been discontinued 28 days prior to the first dose of PF-06650833 or placebo. As an exception, acetaminophen/paracetamol was permitted at doses of ≤ 1 g/day. Exclusion criteria also included any clinically significant comorbid disease, screening supine blood pressure ≤ 100 or ≥ 140 mmHg (systolic) or ≤ 50 or ≥ 90 mmHg (diastolic), screening pulse or heart rate > 100 beats/min, or active or latent infection (including tuberculosis, HIV, and hepatitis viruses).
Assessments
For both studies, samples of blood (and urine in study 2) were taken for evaluation of PK/PD parameters (see Additional file 1: Supplemental Methods). PK samples were obtained at the nominal time relative to dosing (± 10%). Plasma and urine samples were analyzed using validated, sensitive, and specific liquid chromatography tandem mass spectrometric methods (at Pfizer Inc., Groton, CT, USA, for study 1 and at Worldwide Pharmacokinetics, Dynamics and Metabolism, Cambridge, MA, USA, for study 2). The lower limit of quantification for PF-06650833 in plasma was 0.0500 ng/mL. The lower limit of quantification for PF-06650833 in urine was 1.00 ng/mL. Serum samples were also analyzed for hsCRP, and plasma samples were analyzed for 4β-hydroxycholesterol and cholesterol.
Safety assessments included incidence and severity of treatment-emergent AEs (TEAEs) and discontinuation due to TEAEs, incidence of treatment-emergent clinical laboratory abnormalities, and proportion of subjects meeting with pre-defined criteria for potential clinical concern in vital signs and electrocardiogram (ECG) parameters.
PK and safety analyses
Sample sizes were based on clinical considerations (estimated number required to provide safety, tolerability, and pharmacological information and to minimize exposure to healthy subjects at each dose level) rather than statistical considerations. For study 1, the required total sample size was approximately 40 subjects (10 per cohort); for study 2, the required total sample size was approximately 80 subjects (10 per cohort). In study 1, a sample size of 6 subjects was sufficient to provide > 90% power to detect a food effect-related 2-fold increase of maximum observed concentration (C max ) or area under the concentration-time profile curve (AUC) and 80% power to detect a 1.6-fold increase in both PK parameters for all doses except 1000 mg, assuming that the predicted within-subject PK variability would not change with food intake.
The safety analysis set was defined as all subjects who received at least one dose of study treatment, and data were summarized descriptively. The PK concentration analysis set was defined as all enrolled, treated subjects who had at least one concentration in at least one treatment period. The PK parameter analysis set was defined as all enrolled, treated subjects who had at least one of the PK parameters of interest in at least one treatment period. The PD analysis set was defined as all enrolled subjects who received at least one dose of PF-06650833 and had at least one PD parameter. PK/PD data were summarized descriptively.
PK parameters were calculated using non-compartmental analysis of concentration-time data. For study 1 only, data from cohort 1 (period 4 [IR 30 mg] versus period 5 [IR 30 mg + food]) and cohort 3 (period 2 [MR 30 mg] versus period 3 [MR 30 mg + food]) were used to estimate the effect of food intake. C max and AUC were calculated for each subject and treatment, with and without food, after which a within-subject difference could be found between fed (high-fat meal) and fasted doses. Analysis of covariance was used to model these within-subject differences and to calculate 95% confidence intervals (CIs) for the differences for each dose (IR 30 mg and MR 30 mg). For study 2 only, the amounts of PF-06650833 in urine and renal clearance were listed and summarized descriptively. As part of the routine safety laboratory monitoring, the presence of any atypical crystals in urine specimens was semiquantitatively assessed microscopically by typical histopathologic methods and scored as numbers of crystals per high power field (hpf); higher abundance (moderate or many) was defined as ≥ 15/hpf. No formal interim analyses were conducted.
Ethical considerations and consent
These studies were conducted in accordance with the International Ethical Guidelines for Biomedical Research Involving Human Subjects, the Declaration of Helsinki, and the Good Clinical Practice Guidelines, along with applicable local regulatory requirements and laws. The study protocols were approved by the Institutional Review Boards and/or Independent Ethics Committee at each study center. All subjects provided written, informed consent.
Results
Subjects
In study 1, a total of 40 subjects were randomized and received at least 1 dose of PF-06650833, and 31 subjects received placebo. In terms of gender and ethnicity, all subjects were male, with 52.5% black, 17.5% white, 5.0% Asian, and 25.0% of another race. Mean (standard deviation (SD)) age was 38.5 (8.8) years, and all subjects were similar in regard to weight (mean [SD] 83.7 [11.8] kg), body mass index (BMI; 26.4 [3.3] kg/m 2 ), and height (178.1 [6.5] cm). All treated subjects (N = 40) were evaluated for safety and PK.
In study 2, a total of 71 subjects were randomized; 56 subjects received PF-06650833 (IR or MR) at doses ranging from 25 mg BID to 1000 mg QID, and 15 subjects received placebo. In terms of gender and ethnicity, the majority of the subjects were male (97.2%), with 45.1% black, 22.5% white, 1.4% Asian, and 31.0% of another race. Mean (SD) age was 35.1 (8.2) years, and all subjects were similar in regard to weight (mean [SD] 82.0 [9.9] kg), BMI (26.2 [2.7] kg/m 2 ), and height (177.0 [7.0] cm). All treated subjects (N = 71) were evaluated for safety and PK.
Safety Discontinuations
In study 1, one subject was discontinued and withdrawn per investigator request on the first day of administration due to pre-existing benign ethnic neutropenia after receiving a single dose of PF-06650833 IR 10 mg, since this would have complicated the interpretation of safety data.
In study 2, four subjects were discontinued: one each in the placebo, PF-06650833 IR 750 mg BID, IR 1000 mg QID, and MR 300 mg QD dose groups. The subjects in the placebo and MR 300 mg QD dose groups were no longer willing to participate in the study, and two subjects were discontinued due to treatment-related TEAEs as described below.
One subject in the IR 750 mg BID dose group of study 2 was discontinued on day 8 due to decreased appetite, after a prolonged period (beginning after the first dose of study drug on day 1) of pronounced gastrointestinal complaints and symptoms. The subject experienced mild nausea soon after dosing on day 1 that was exacerbated by food intake, and the subject had frequent episodes of vomiting after meals. The nausea became moderate after several days of dosing and was accompanied by moderate lack of appetite until the subject was discontinued. The TEAE was considered treatment-related, but other etiologies, such as viral gastroenteritis, could not be excluded. No other subject in the same or next higher (1000 mg PF-06650833) dose group demonstrated similar nausea symptoms.
One subject in the IR 1000 mg QID dose group of study 2 was discontinued on day 7 due to neutropenia. The subject's absolute neutrophil count (ANC) declined from 2000/mm 3 at screening and 1600/mm 3 at the time of randomization to 900/mm 3 on day 4, 1400/mm 3 on day 5, and 1300/mm 3 on day 7, which met the individual subject discontinuation criterion of ANC < 1500/mm 3 on two consecutive scheduled measurements. The TEAE was considered treatment-related due to a temporal relationship with initial PF-06650833 dosing; however, further review revealed a history prior to study entry of low ANC in the subject. Although a causal relationship to PF-06650833 cannot be excluded, it is possible that the observed fluctuation in ANC was due to the previously undiagnosed cyclic (benign ethnic) neutropenia.
All nine remaining subjects in cohort 5 (IR 1000 mg QID dose group) were electively discontinued after the second dose on day 9 due to the observation of higher abundance (> 15/hpf) atypical crystals in the urine of four of these subjects on day 7. All subjects were asymptomatic and demonstrated no clinical or laboratory evidence of renal injury. These subjects were followed for safety, underwent early termination visit assessments on day 10, and were discharged from the study after followup on day 22.
Adverse events
In study 1, more all-causality TEAEs were reported with higher dose levels of IR PF-06650833, but no clear dose relationship was observed at doses ≥ 1000 mg (Table 1) . The highest number of TEAEs occurred in subjects who received the IR 100 mg formulation (11 TEAEs in 3 subjects) and in subjects who received placebo (6 TEAEs in 4 subjects). Four TEAEs in 2 subjects were reported with the 300 mg MR formulation, while no TEAEs were reported with the 300 mg IR formulation. A total of 10 treatment-related TEAEs were reported in 4 subjects receiving IR PF-06650833, including 1 reporting acne (IR 30 mg; fed state), 2 reporting headache (IR 2000 mg and 6000 mg; both fed state), and 1 whose reported TEAEs, numbering 7 overall, included multiple gastrointestinal disorders (IR 100 mg; fasted). No treatment-related TEAEs were reported in subjects receiving PF-06650833 MR formulations or placebo.
In study 2, a total of 62 all-causality TEAEs were reported in 35 subjects, with PF-06650833 IR 750 mg BID having the highest number of TEAEs (n = 17), followed by IR 1000 mg QID (n = 11) and placebo (n = 9) ( Table 2) . No clear dose or regimen relationship was observed with respect to the number of TEAEs. A total of 36 treatmentrelated TEAEs were reported in 20 subjects, with headache, nausea, upper abdominal pain, and acne being the most common.
In both studies, all TEAEs were mild or moderate in severity, and most resolved without intervention. There were no dose reductions and/or temporary discontinuations due to TEAEs, serious AEs, or deaths reported in either study. There were no clinically significant changes in vital signs, ECGs, laboratory data, or dose-limiting TEAEs for either study.
In study 2, the presence of asymptomatic, nonadverse, atypical crystals in the urine was identified in 25 subjects (including 3 subjects receiving placebo). The presence of urine crystals at higher abundance (≥ 15/ hpf) was restricted to PF-06650833 doses ≥ IR 750 mg BID and was not persistent. None of the subjects presenting with urine crystals had TEAEs, other abnormal clinical signs or symptoms, or clinical laboratory data (serum creatinine or estimated glomerular filtration rate) suggestive of adverse effects on renal function.
Pharmacokinetics
Study 1: SAD
Median plasma concentration-time profiles of SAD of the PF-06650833 IR and MR oral formulations are presented in Fig. 2 . Plasma PK parameters for both formulations are summarized in Table 3 .
When administered in the fasted state, plasma concentrations of PF-06650833 increased in a dose-dependent manner with SAD of ≤ 100 mg for both IR and MR formulations and in a less than proportional manner with higher doses; lower C max values were observed for all comparable doses of MR versus IR formulations as expected. Dose-normalized C max and AUC from time zero extrapolated to infinity (AUC inf ) values for PF-06650833 IR and MR formulations are shown in Additional file 1: Figure S1 . Absorption was rapid for the PF-06650833 IR formulation (median time of C max [T max ] 0.5-2.0 h across the 1-1000 mg dose range) compared with the more gradual absorption of the MR formulation (median T max 4.0-8.0 h over the 30-300 mg dose range). Half-life was similar for PF-06650833 IR versus MR formulations at comparable nominal doses of 30-100 mg (mean terminal half-life [t ½ ] 10.2-15.0 and 9.4-11.7 h, respectively) but was longer for MR 300 mg (mean t ½ 38.8 h) versus IR 300 mg (mean t ½ 19.9 h), for which a longer terminal phase was measured.
Following single oral doses of PF-06650833 IR and MR 30 mg formulations, absorption was delayed in the fed (high-fat meal) versus fasted (≥ 10 h) state for the IR 30 mg dose (median T max 4.0 versus 0.5 h), but was not affected by food for the MR 30 mg dose (median T max 6.0 h for both). Half-life was reduced in the fed state for both IR (t ½ 10.2 to 4.4 h) and MR (t ½ 11.7 to 6.33 h) formulations.
Co Subjects with AEs
Number of AEs 6 (0) 1 (0) 0 0 0 1 (1) 1 (0) 10 (7) When 2000 and 6000 mg IR doses were administered in the fed state, median T max was 4.0 and 6.0 h, respectively. Following the attainment of C max , PF-06650833 concentrations demonstrated a multiphasic decline. Mean t ½ was 72.1 h for PF-06650833 IR 6000 mg (and was not able to be determined for IR 2000 mg). In general, the increase in exposure was less than proportional to the increase in dose for the 2000 and 6000 mg IR formulations compared with the lower dose groups.
Study 2: MAD
Median plasma concentration-time profiles at steady state on day 14 administration of oral MAD of PF-06650833 IR and MR formulations are presented in Fig. 3 . Plasma and urine PK parameters for both formulations on day 1 and day 14 are summarized in Table 4 .
The PF-06650833 absorption rate was slightly faster on day 1 following initial oral doses of IR 25 to 1000 mg under fed (standard meal) conditions (median T max 2-4 h), compared with the more gradual absorption of the MR formulation (median T max 4 h). On day 14, absorption rates were comparable with day 1 values for PF-06650833 IR (median T max 2 h) and MR (median T max 4 h) formulations.
Steady state was reached by day 4 for all PF-06650833 dose groups. Across all dosages, mean oral clearance values ranged from 122.4 to 308.0 L/h, and mean volume of distribution values ranged from 8064 L to 13,160 L.
Mean half-life values calculated for IR 750 mg BID, IR 330 mg TID, and MR 300 mg QD dosages ranged from 25.4 to 31.4 h. On day 14, AUC from time 0 to time tau (AUC tau ; where tau is the dosing interval [6, 8, 12 , and 24 h for QID, TID, BID, and QD dosing, respectively]) and C max increased proportionally for IR 25 to 100 mg BID doses, with less than proportional increases observed at doses ≥ 250 mg.
Accumulation ranged from 0.9-fold to 1.4-fold for AUC tau and 0.9-fold to 1.3-fold for C max . Less than 1% of the dose was recovered unchanged in the urine for all dose groups, with renal clearance ranging from 14 to 19 mL/min for IR 25 mg BID, IR 330 mg TID, and MR 300 mg QD, and 23 mL/min for IR 750 mg BID. Dose-normalized C max and AUC tau following MAD of PF-06650833 IR and MR formulations on day 14 are shown in Additional file 1: Figure S2 .
Ratios of 4β-hydroxycholesterol to cholesterol were comparable (< 20% mean change) between day 14 (4 h post-dose) and day 1 (pre-dose) across the dose groups for doses up to 750 mg BID, indicating no apparent trend for CYP3A induction or inhibition [21] .
Pharmacodynamics
Study 2: MAD
Geometric mean serum hsCRP levels ranged from 0.067 to 0.101 mg/dL across the dose groups at baseline. There was a sustained decrease from baseline in serum hsCRP, which, in general, reached maximal reduction by day 7, following administration of PF-06650833 IR formulations Number of subjects with AEs by system organ class and preferred term ≥ 250 mg BID and in the MR 300 mg QD dose group (Fig. 4) . On day 14, reductions from baseline in hsCRP of approximately 60-70% (geometric mean percentage) were seen in the highest dose groups.
Discussion
These phase 1 studies evaluated the safety, tolerability, PK, and PD of SAD and MAD of IR and MR formulations of PF-06650833, an IRAK4 inhibitor, in healthy adult subjects. PF-06650833 has a favorable safety profile and was well tolerated in single oral doses of IR formulations up to 6000 mg (with food [high-fat meal]) and oral MR formulations up to 300 mg, and in multiple oral IR doses up to 1000 mg QID and MR doses up to 300 mg QD (all with standard meal), with no dose-limiting adverse effects identified.
In both studies, the most common treatment-related TEAEs included headache, gastrointestinal disorders, and acne; there were no clinically significant changes in laboratory test results or vital sign parameters at any dose.
In the SAD study, the frequency of TEAEs was slightly more common with PF-06650833 IR doses ≥ 1000 mg.
In the MAD study, the highest number of TEAEs occurred in the IR 750 mg BID dose group (the second highest dose tested). TEAEs in both studies were all mild to moderate in severity, and most resolved without intervention. One subject in the IR 1000 mg QID dose group of study 2 was discontinued prematurely for neutropenia having met a protocol-defined ANC threshold for discontinuation. The subject had borderline low ANC at baseline and was asymptomatic. Review of historical laboratory findings for this subject suggested that the subject may have had previously undiagnosed cyclic benign ethnic neutropenia, which could have accounted for the observed fluctuation in ANC, although a causal relationship to PF-06650833 cannot be formally excluded. There were no dose reductions/temporary discontinuations due to TEAEs, serious AEs, or deaths reported in either study. Definitive conclusions about the frequency of TEAEs relative to placebo are limited by the small sample size and relative paucity of TEAEs, and clear dose or regimen relationships were not established.
In the MAD study, atypical crystals were detected in the urine of a total of 22 subjects receiving total daily IR doses ≥ 330 mg TID or MR 300 mg of PF-06650833 and in 3 subjects receiving placebo. The crystals were found in the urinalyses performed as part of a routine safety laboratory monitoring. The atypical urine crystals were not consistently observed in repeat visits for an individual subject nor was there a pattern observed between subjects at a given dose. Urine crystals at higher abundance (≥ 15/hpf) were only observed at the highest 2 doses (≥ IR 750 mg BID), which are in excess of those that are likely to be explored in future clinical trials of PF-06650833. The manifestation of the atypical urine crystals was entirely asymptomatic, was not associated with any clinical or laboratory evidence of adverse effects on the kidney, and was therefore not considered adverse. The etiology of the atypical crystals is currently uncertain but may represent precipitation of parent drug and/ or metabolites in the urine under supersaturated conditions. As the atypical urine crystals were not accompanied by any renal findings, their clinical significance, if any, is unclear, and their occurrence is not an impediment to further clinical development of PF-06650833 for the treatment of autoimmune and inflammatory diseases.
For single oral doses of IR 1-1000 mg in the fasted state in the SAD study, the increase of PF-06650833 exposure was dose linear over the 1-100 mg dose range and less than dose linear at higher doses. Consistent with being a high-permeability compound [16] , the absorption of PF-06650833 in the fasted state was rapid for the IR formulation, with a median T max ranging from 0.5 to 2 h across the dose groups. The apparent half-life of PF-06650833 appeared to increase with dose, with a mean half-life of 1.86 h at 1 mg and of 44.9 h at 1000 mg, but with large variability. The much shorter half-life observed at lower doses could be due to the serum concentrations of PF-06650833 falling below the quantifiable limit before reaching the terminal elimination phase, which began at approximately 12 h after dosing. The longer and more variable half-life observed at higher doses could possibly be due to the flip-flop kinetics at the high-dose levels. In addition, multiple peaks were observed in concentration-time profiles of a few subjects after administration of the IR formulation, indicating the possibility of a recycling mechanism, which may also have contributed to a longer terminal elimination phase. PK studies including intravenous dosing would be required to fully delineate the PK of PF-06650833.
MR formulations were developed in order to decrease the dosing frequency and lower the peak-to-trough ratio in future trials. The safety and tolerability of these MR formulations were evaluated in both SAD and MAD studies. Consistent with the general properties of MR formulations, the MR formulation demonstrated delayed T max and tapered C max in fasted states. For example, at 30 mg, the median T max was 0.5 h and C max was 58 ng/mL for the IR formulation, while median T max was 6 h and C max was 15.8 ng/mL with the MR formulation at the Fig. 3 Median plasma concentration-time profile of MAD of PF-06650833 IR and MR formulations at steady state on day 14. Time post-dose refers to the first morning dose on day 14. Day 14 data for cohort 5 (IR 1000 mg QID) were not available due to premature discontinuation of this cohort on day 9. Summary statistics were calculated by setting concentration values BLQ to 0. The LLOQ was 0.0500 ng/mL, except four pre-dose samples with LLOQ of 0.100 ng/mL. All doses were administered orally under fed conditions (standard meal). BID twice daily; BLQ below lower limit of quantification; IR immediate-release; LLOQ lower limit of quantification; MAD multiple ascending doses; MR modified-release; QD once daily; QID four times per day; TID three times per day same dose. In the fasted state, AUC inf of the MR formulation was also slightly higher compared with the IR formulation at an equivalent dose. In general, in the fasted state, the MR formulation displayed relatively flat concentration-time profiles during the long absorption phase. Overall, the MR formulation exhibited PK characteristics in the fasted state suitable for QD dosing.
Single dose administration of IR formulations of PF-06650833 with a high-fat meal delayed oral absorption of the PF-06650833 IR 30 mg formulation (median T max of 0.5 and 4 h under fasted and fed states, respectively) and increased total exposure by 33% without affecting the C max . In contrast, high-fat meal intake did not delay the absorption of the MR 30 mg dose (median T max of 6 h in both fasted and fed states), increased C max by more than twofold, and decreased t ½ by twofold. The shift in T max and the increase in AUC for the IR formulation in the fed state could be due to an increase in gastric residence time and possible absorption from the upper part of the gastrointestinal tract, whereas the absorption of the MR formulation may be occurring predominantly in the lower part of the gastrointestinal tract.
In the MAD study, on day 1, following single doses of IR 25 to 1000 mg and MR 300 mg, the standard meal led to a slightly more modest delay of absorption compared with the high-fat meal in the SAD study. For example, the median T max of IR 25 mg under standard meal conditions was 2 h, while the median T max of IR 30 mg in the SAD study was 0.5 and 4 h under fasted and highfat meal states, respectively. The MR formulation maintained a long absorption phase, with a median T max of 4 h and individual T max ranging from 2 to 10 h for the MR 300 mg dose under standard meal conditions. At lower doses, half-lives were not reportable either due to r 2 < 0.9 or the proportion of extrapolation of AUC being higher than 20%. The half-life for 1000 mg QID was not determined, because the cohort was not dosed beyond day 10 and plasma samples were not collected. The t ½ of PF-06650833 at steady state ranged between 25 and 31 h for the dose groups with reportable half-lives. The accumulation of PF-06650833 for the various dose groups was low, and steady state was reached by day 4 for all dose groups based on the evaluation of C min.
There was a sustained decrease from baseline in serum hsCRP from day 7 to day 14 following administration of multiple PF-06650833 IR formulations with a total daily dose of ≥ 250 mg BID and in the MR 300 mg QD dose group. Since hsCRP is a general marker of inflammation, and specifically a marker of disease activity in RA and other inflammatory diseases, seeing an effect in healthy subjects is encouraging and consistent with PF-06650833 having a pharmacologic effect downstream in the TLR signaling cascade (and likely upstream of IL-6). In concert with prior in vitro and in vivo studies [16] [17] [18] and available preclinical data [16] , these results suggest that PF-06650833 may have clinically relevant anti-inflammatory effects, supporting its development for the treatment of autoimmune diseases.
Conclusions
PF-06650833, the first IRAK4 inhibitor to enter human clinical trials, was shown to have a favorable safety profile and be well tolerated in healthy adult subjects up to a single dose of IR 6000 mg (with food [high-fat meal]) and multiple doses up to IR 1000 mg QID and MR 300 mg QD (with food [standard meal]), with no doselimiting adverse effects observed. PK data demonstrated generally anticipated effects on exposure with increasing dose and the effect of food, for both IR and MR formulations. The MR formulation provided sustained exposures that have the potential to allow QD dosing. The accumulated data support continued evaluation in human clinical trials for the treatment of rheumatic and other autoimmune diseases.
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Additional file 1: Supplemental Methods. Randomization. Blood and urine collection for PK/PD analyses. Blood and urine collection for analysis of safety laboratory parameters. Analysis of vital signs. Figure S1 . Dosenormalized a) C max and b) AUC inf following SAD of IR and MR PF-06650833 formulations. Figure S2 . Dose-normalized a) C max and b) AUC tau (day 14) following MAD of IR and MR PF-06650833 formulations.
Abbreviations AE: Adverse event; A e24 : Cumulative amount of drug recovered unchanged in urine up to 24 h; ANC: Absolute neutrophil count; AUC: Area under the Fig. 4 Geometric mean (90% CI) change from baseline in serum hsCRP following MAD of IR and MR PF-06650833 formulations. Baseline was defined as the last pre-dose measurement taken on day 1. Time post-dose refers to the first morning dose. Values below the LLOQ were set to half of the LLOQ in the calculation. The LLOQ of hsCRP was 0.015 mg/dL. Unplanned readings and early withdrawal readings are excluded. The dosing in 1000 mg QID dose group was stopped by the sponsor after the second dose on day 9, and the subjects had their follow-up visits 2 days (approximately 43 h) and 13 days (approximately 310 h) after the last dose on day 9. BID twice daily; CI confidence interval; D day; h hour; hsCRP high-sensitivity C-reactive protein; IR immediate-release; LLOQ lower limit of quantification; MAD multiple ascending doses
